Hand, foot, and forehead temperatures are well below 37°C, and scrotal hypothermia is critical for normal spermatogenesis (1) (2) (3) . Growth at 31.5°C increases proliferation ratios in neural cell precursors (4, 5) . T lymphocyte differentiation into effector cells is decreased at 33°C (6) , while culture at 30°C inhibits myogenic differentiation of myoblasts (7) . A slight lowering of body temperature has been reported to increase life span in transgenic mice (8, 9) . Extreme examples of the beneficial effects of hypothermia can be found in hibernating animals, where core temperature typically drops to 5°C (10) . Despite the known biological effects of temperature variation, there has been no published temperature optimization for human embryonic stem cell (hESC) or human induced pluripotent stem cell (hiPSC) growth in culture.
We hypothesize that low physiological temperatures will slow unwanted differentiation of stem cells, which may reduce the manual labor of removing spontaneously differentiated colonies during stem cell maintenance. To test the effects of hypothermia, hESCs and hiPSCs were maintained on mouse embryonic fibroblast (MEF) feeder layers in DMEM/ F12+KOSR+bFGF using standard protocols (11) . Human ESC line H9 was obtained from the University of Connecticut-Wesleyan University Stem Cell Core, and the human iPSC-15 line was obtained from the Albert Einstein College of Medicine (12) . Stem cell colonies were disassociated with collagenase and resuspended in growth media. Then all wells were seeded identically in six-well plates on MEFs (passage = 4). Colonies were simultaneously grown at 35°C or 37°C in separate incubators. Temperatures were verified with a NIST traceable thermometer, and the 3 thermometers used to monitor temperatures in the incubators were within 0.5°C of each other. Carbon dioxide was monitored by Fyrite 10-5000 (Bacharach, Kensington, PA). Results did not depend on the incubator used. Normal and differentiated colonies were counted, and the differentiated colonies were removed daily by aspiration, a standard procedure in stem cell culture. Normal colonies of both cell lines appeared uniform and dense across the entire colony and displayed smooth edges. The loss a of defined colony boundary and the presence of elongated cells at the edge of a colony was the typical pattern of differentiation for both cell lines ( Figure 1A , df).
Normal and differentiated colonies were found at both temperatures with no differences in the morphology of normal colonies ( Figure 1A-B) . Growth rates were higher at 37°C, as evidenced by larger colonies after 7 days ( Figure 1B ). Seven days after seeding, the mean colony diameter at 37°C was 268 ± 31 µm (mean ± SEM; n = 28), while mean colony size at 35°C was 177 ± 10 µm (n = 55). Maintenance at 35°C caused a highly significant reduction in the numbers of differentiated colonies and ratios of differentiated/total colonies in both hESCs and hiPSCs ( Figure 1C and D). At day 4, H9 hESCs produced an average of 32 differentiated colonies per well, while maintenance at 35°C produced only 2 differentiated colonies per well ( Figure  1C ). Therefore, culture at 35°C required far less manual removal of differentiated colonies. After 6-7 days, final numbers of undifferentiated colonies per well were significantly higher at 35°C compared with 37°C: for H9 hESCs, 37°C (80 ± 5.4), 35°C (146 ± 5.7) P < 0.00001; for iPSC-15 cells, 37°C (8.7 ± 2.0), 35°C (22 ± 1.5) P < 0.0005 (by Student's t-test). Reduced differentiation at low temperature is consistent with several reports using lineage committed progenitors (4-7). Because some researchers only remove differentiated colonies immediately before passaging, we also monitored spontaneous differentiation without removing colonies (no weeding). H9 hESCs or iPSC-15 cells were seeded on MEFs (passage = 3) and all colonies were counted daily. While the total number of colonies per well was similar, fewer differentiated colonies were found at 35°C compared with 37°C ( Figure 1E and F) .
We verified continued expression of several pluripotency markers by RT-PCR at 35°C. RNA was extracted using Trizol (Invitrogen, Carlsbad, CA), cDNA was made with SuperscriptIII (Invitrogen), and PCR was performed with GoTaq (Promega, Madison, WI) according to the manufacturers' recommendations. We found no significant difference in mRNA levels for the pluripotency markers OCT4, SOX2 and NANOG (Figure 2A) .
The neuroprotective effects of mild hypothermia are reportedly due to up-regulation of the cold-inducible transcription factors CIRP or RBM3 (5,13). CIRP and RBM3 are expressed in rodent testes and brain, and are markedly up-regulated by some environmental conditions (14) (15) (16) . These two cold-stress inducible markers were examined to determine if they may be up-regulated at 35°C. We saw no difference in expression of CIRP and RBM3 mRNA at 35°C as compared to 37°C (Figure 2A ).
Mild Hypothermia Inhibits Differentiation of Human Embryonic and Induced Pluripotent Stem Cells
Culture of pluripotent stem cells at 35°C strikingly reduces unwanted spontaneous differentiation during hESC and iPSC maintenance compared with 37°C. Growth at 35°C did not affect expression of pluripotency mRNAs nor induce expression of cold-inducible genes. Colony size was somewhat reduced at 35°C. Thus, growth at 35°C is a convenient, simple method to reduce the labor of removing spontaneously differentiated colonies when maintaining pluripotent cells. 
Method summary:
Here we demonstrate that growth of embryonic and induced pluripotent stem cells at a lower temperature (35°C) reduces spontaneous differentiation in culture without any adverse effects on the cells. This methodology can be used to reduce the labor associated with stem cell experimentation. Colonies maintained at 35°C were capable of producing healthy neurons when switched to 37°C and exposed to our standard dopamine neuron differentiation protocol (11) . Immunofluorescent labeling with the neuronal marker TUJ1 and catecholaminergic marker tyrosine hydroxylase (TH) revealed an abundance of dopaminergic neurons ( Figure  2B ). Neurons derived from 35°C stem cell colonies had resting membrane potential (-28 ± 1.2 mV, n = 72), input resistance (2.0 ± 0.2 GW) similar to those published for neurons derived from 37°C stem cell colonies (11) . Neurons also fired action potentials in response to somatic current injection ( Figure 2C ). These data indicate the presence of ectoderm. Next, we asked if endoderm and mesoderm were formed. H9 hESCs were maintained at 35°C for 10 days, then embryoid bodies were cultured at 37°C for 4 days. Consistent with normal gastrulation, AFP (endoderm marker) and CSX (mesoderm marker) mRNAs were present in the embryoid bodies ( Figure 2D ) (17) . Primer sequences used were (5´ to 3´): AFP: AGAACCTGTCACAAGCTGTG, GACAGCAAGCTGAGGATGTC. CSX: ACGCCCTTCTCAGTCAAAGAC, CGCGCACAGCTCTTTCTTTT.
Although we found no changes in the pluripotency markers or cold-inducible transcription factors we examined, it is possible that additional cold-inducible factors exist in pluripotent cells. Other potential mechanisms by which low physiological temperature reduces differentiation of pluripotent stem cells may be related to molecular interactions. Media components such as KOSR or bFGF may have longer half-lives at 35°C compared with 37°C. A 2°C temperature change may affect enzyme activities, transcription factor binding, membrane properties, metabolite stabilities, or other cellular processes that combine to produce the observed effect.
Our data demonstrate a practical and low-cost method for reducing differentiation of stem cell colonies, given the availability of a 35°C incubator. This labor saving technique does not appear to alter the pluripotent nature of the cells, or their ability to differentiate when switched back to 37°C. We have maintained hESCs and iPSCs for 2 months at 35°C with no change in morphology, although we notice better seeding efficiency at 37°C. In addition, published reports suggest that there may be less accumulation of DNA damage under mild hypothermia (18, 19) .
